Photosynthesis relies on the delicate interplay between a specific set of membrane-bound pigment-protein complexes that harvest and transport solar energy, execute charge separation, and conserve the energy. We have investigated the organization of the light-harvesting (LH) and reaction-center (RC) complexes in native bacterial photosynthetic membranes of the purple bacterium Rhodobacter sphaeroides by using polarized light spectroscopy, linear dichroism (LD) on oriented membranes. These LD measurements show that in native membranes, which contain LH2 as the major energy absorber, the RC-LH1-PufX complexes are highly organized in a way similar to that which we found previously for a mutant lacking LH2. The relative contribution of LH1 and LH2 light-harvesting complexes to the LD spectrum shows that LH2 preferentially resides in highly curved parts of the membrane. Combining the spectroscopic data with our recent atomic force microscopy (AFM) results, we propose an organization for this photosynthetic membrane that features domains containing linear arrays of RC-LH1-PufX complexes interspersed with LH2 complexes and some LH2 found in separate domains. The study described here allows the simultaneous assessment of both global and local structural information on the organization of intact, untreated membranes. membrane organization ͉ photosynthesis ͉ polarized spectroscopy P hotosynthetic purple bacteria are among the oldest species known (1, 2). Within the class of photosynthetic organisms, they have specialized in growing on low-energy photons under dim light conditions (3). The main characteristic of the photosystems of these bacteria is their ''less is more'' design: They are constructed by the repetitive use of identical protein units as building blocks, resulting in highly symmetric pigment-protein complexes (''rings'') with carefully tuned light-absorption properties. Protein-bound chromophores, carotenoids and bacteriochlorophylls (BChls), are the light-interacting functional groups that carry out the photosynthetic process: the conversion of light energy into a stable charge separation. The incoming light is collected by specialized lightharvesting (LH) complexes, and, by means of intra-and intercomplex energy transfer, the excitation energy is transported to a reaction center (RC). Here charge separation takes place, which fuels subsequent electron-and proton-transfer reactions that build up the transmembrane electrochemical gradient that is eventually used for the formation of ATP.
P
hotosynthetic purple bacteria are among the oldest species known (1, 2) . Within the class of photosynthetic organisms, they have specialized in growing on low-energy photons under dim light conditions (3) . The main characteristic of the photosystems of these bacteria is their ''less is more'' design: They are constructed by the repetitive use of identical protein units as building blocks, resulting in highly symmetric pigment-protein complexes (''rings'') with carefully tuned light-absorption properties. Protein-bound chromophores, carotenoids and bacteriochlorophylls (BChls), are the light-interacting functional groups that carry out the photosynthetic process: the conversion of light energy into a stable charge separation. The incoming light is collected by specialized lightharvesting (LH) complexes, and, by means of intra-and intercomplex energy transfer, the excitation energy is transported to a reaction center (RC). Here charge separation takes place, which fuels subsequent electron-and proton-transfer reactions that build up the transmembrane electrochemical gradient that is eventually used for the formation of ATP.
Photosynthetic purple bacteria may contain two different types of pigment-protein complexes involved in energy-and electrontransfer reactions: the RC-LH1 core complexes and the peripheral light-harvesting complex 2 (LH2). Both LH complexes are composed of two concentric rings of roughly circularly arranged ␣-helices that bind the carotenoid and BChl pigments. The peripheral LH2 feeds its excitations into LH1, which surrounds the RC, enabling efficient energy transfer from the LH1 BChls to the primary RC energy acceptor͞electron donor: a special pair of strongly coupled BChls (P) (4) . The RC consists of two branches of electron-transfer cofactors arranged around a C 2 symmetry axis. In addition to the special pair, each branch contains another ''monomeric'' BChl and a bacteriopheophytin (BPheo) molecule. Lightdriven charge separation occurs along the so-called active (or L branch) of pigments, where the electron within a few picoseconds is transferred via the monomeric BChl to the BPheo. In the case of the purple bacterium, Rhodobacter sphaeroides, the encirclement of the RC by the LH1 helices is perturbed by a small, ␣-helical polypeptide, PufX, which is proposed to function as a passage for the quinols, which are photoreduced by the RC (5, 6) . Furthermore, it is well established that PufX induces the dimerization of the RC-LH1 core complexes in vivo (7, 8) . The peripheral LH2 complex is not a prerequisite for photosynthesis but can be synthesized by the bacterium in varying amounts to increase the absorption cross section for harvesting sunlight. Three-dimensional structures are available for all of the individual components: the LH2 complex, the core RC-LH1-PufX complex (9, 10) , and the subsequent energy-transducing components, the cytochrome bc 1 complex and the ATP-synthase complex (11, 12) .
As a whole, the photosynthetic pigment-proteins interact functionally within a multicomplex network, which is localized in a specialized membrane. Given their individual structures, the organization of the complexes within the membrane can be visualized by various techniques. Information on individual membrane patches can be derived from atomic force microscopy (AFM) topographs (13) (14) (15) . In the special case of a membrane exhibiting close to crystallographic order, electron microscopy (EM) has been applied successfully (7, 8) . Nevertheless, these techniques do not suffice to address the overall organization of proteins within an entire, intact membrane. Moreover, these techniques require treatment and preparation methods that partially perturb the membrane structure.
Polarized spectroscopy on oriented membranes has proven to be a nonperturbative tool with which to investigate membrane organization (16) . A linear-dichroism (LD) experiment probes the difference in absorption between horizontally and vertically polarized light by oriented complexes, and, thus, the orientation of the transition-dipole moments of the chromophores relative to the orientation axis of the complex can be obtained (17, 18) . Similarly, one can probe oriented membranes or membrane fragments, but an LD signal will be measured only if there is some macroscopic order in the system. Such measurements performed on membranes of Rb. sphaeroides that lacked the peripheral LH2 complex, both in the presence of and without PufX, demonstrated the occurrence of a special orientation of the RC within the LH1 ring, but only when PufX was present. This ''PufX effect'' could be detected only because of the long-range ordering of the protein complexes within the photosynthetic membrane. The structural basis of the long-range ordering in LH2 Ϫ -PufX ϩ membranes was provided by a negative-stain EM investigation on similar membranes, which showed that RC-LH1-PufX complexes are arranged as dimers (7) . The structural basis of the PufX effect has recently been provided by a negative-stain EM study of membranes with and without PufX (8) . This work on LH2 Ϫ membranes showed that, in the absence of PufX, the RC-LH1 complexes can no longer form tubular membranes consisting of dimers, which results in a completely altered membrane morphology with flattened sheets containing monomeric complexes.
Here we report the results of LD spectroscopy to investigate the orientation of the RC within the LH1 ring in membranes that do contain LH2; these are oriented, intact native membranes isolated from photosynthetically grown Rb. sphaeroides. Our data show a remarkable resemblance between the LD and light-minus-dark LD-difference signals of native membranes and those reported before on the LH2 Ϫ deletion strain (19) . We conclude that, as observed for LH2 Ϫ -PufX ϩ membranes (7, 8, 19) , native membranes possess an ordered, long-range supraorganization of the RC-LH1-PufX core complexes that appears to be an intrinsic property of this species. A comparison between the signals of intact chromatophores and patches prepared from the same chromatophores indicates an abundance of LH2 complexes in highly curved domains. Combining the results from this study with the recently obtained AFM images on patches of the same membranes studied here (13), we have modeled the arrangement of the photosynthetic complexes within the native Rb. sphaeroides membrane.
Materials and Methods
Biological Membranes. Cells of Rb. sphaeroides NCIB 8253 were grown photosynthetically at moderate light intensity (500 W⅐m Ϫ2 ) for 18-20 h, followed by a switch to high light intensity (825 W⅐m Ϫ2 ) for 4 h. Intracytoplasmic membrane vesicles (chromatophores) were isolated by rate-zonal sucrose densitygradient centrifugation (20) . These chromatophores are intact photosynthetic membranes, and the same preparations that were used in the AFM studies (13) were used for this study. For the primary LD experiments, we probed intact, untreated chromatophores. These vesicles were opened up and converted into patches of membrane by using a small amount of detergent (0.03% ␤-dodecyl maltoside), as for the AFM study (13) , to investigate the effect of the curvature of intact chromatophores on the spectroscopy.
Sample Preparation. Membranes were diluted with 10 mM Tris⅐HCl, pH 8.0. For low-temperature measurements, glycerol was added at a concentration of 70% (vol͞vol). For the LD measurements, the sample was mixed with 14.5% (wt͞vol) acrylamide and 0.5% N,NЈ-methylenebisacrylamide, and polymerized into a polyacrylamide gel by the addition of 0.05% ammonium persulfate and 0.03% N,N,NЈ,NЈ-tetramethylethylenediamine (TEMED, Sigma). Subsequently, the gel was compressed in two perpendicular directions (x and y axes), allowing it to expand along the z axis. The samples were cooled to 77 K in an Oxford liquid-nitrogen cryostat. The whole process of polymerizing, compressing, and freezing was performed in the dark.
Spectroscopy. Absorption (A), P ϩ Ϫ P ⌬A, LD, and P ϩ Ϫ P ⌬LD spectra were recorded on a home-built spectrapolarimeter with a resolution of 1.5 nm. P ϩ Ϫ P ⌬LD spectra were obtained by laser excitation at 670 nm to avoid photoselection by the polarized light [Coherent CR599 CW dye laser, with DCM dye (1 nm bandwidth), pumped by a Coherent Innova 310 argon ion laser]. The laser power was attenuated to 10 mW⅐cm Ϫ2 to achieve maximum signal. Absorbance and LD spectra were simultaneously measured by using two parallel lock-in amplifiers, one for the transmission (A) signal and the other for the verticalhorizontal difference absorption (LD) signal by using a monochromator with 1-nm resolution. The ⌬LD spectra were directly recorded by using a third lock-in amplifier with the LD signal as input and locked to a 20-Hz laser modulation. For the ⌬LD experiment, the LD signal was measured with a short (3-ms) integration time. This configuration allows the simultaneous measurements of absorbance, LD, and ⌬LD spectra. The P ϩ Ϫ P ⌬A measurement was performed with two lock-in amplifiers in series with the laser at the same excitation wavelength as before, modulated with a chopper at a slow (20-Hz) frequency (16) . To obtain the ''unpolarized'' ⌬A spectrum, the transmission signal was modulated by using two perpendicularly placed polarizers with a PhotoElasticModulator (PEM 80, Hinds, Hillsboro, OR), which changes the polarization of the probing light from parallel to perpendicular, with 20 kHz, placed in between.
Results and Discussion
Whole, intact, and untreated membranes were diluted and oriented in a polyacrylamide gel as described in Materials and Methods. To reduce the spectral congestion all measurements have been performed at 77 K.
Absorption. Fig. 1A shows the near-IR absorbance spectrum of the membranes together with the spectra of the individual components: RC, LH1, and LH2. The LH1 and LH2 spectra have been scaled according to their contribution to the membrane spectrum; the RC spectrum has been magnified ϫ3 for clarity. Clearly, the absorption bands of the LH complexes dominate the membrane spectrum. The LH1 absorption spectrum consists of a single, broad band with a maximum at 880 nm; the LH2 absorption spectrum exhibits two main bands, the B800 band around 795 nm and the B850 band around 850 nm. These bands originate from 30 (LH1) and 18 (LH2, B850) strongly interacting BChls and 9 (LH2, B800) weakly interacting BChls, respectively (9, 10) . The magnitude of the absorbance bands of LH2 at 850 nm and LH1 at 870 nm points toward a 2:1 ratio of LH2:LH1 complexes. The RC absorption spectrum arises from the pigments located on the two RC branches: the special pair, P, at 880 nm, two monomeric BChls, B L and B M, at 800-810 nm, and the two pheophytins at 750 nm. In the membrane spectrum, the absorption spectrum of the RC is almost completely hidden by the absorption of the LH complexes; only the BPheos (H) are visible.
LD. The LD spectrum of the membranes, which is shown in Fig.  1B , roughly resembles the membrane absorption spectrum. This reflects the fact that the transition dipole moments of the BChls of both LH complexes are oriented in a very similar way. The main difference with the OD spectrum lies in the magnitude of the LH2 LD signal, which is approximately half of that of the LH1 signal (when normalized to the OD). This implies a possible difference in organization or orientation within the membranes between LH2 and LH1 complexes because both LH complexes have a very similar orientation of their BChls, hence a similar magnitude of LD signal is expected (9, 10, 21) . The origin of this difference was investigated further by probing the LD spectrum of fragments of chromatophores and will be discussed in a separate paragraph below.
The negative feature just above 750 nm can be assigned to the near-IR absorption spectra transitions of the two pheophytins in the RC, which are known to be oriented with an angle of about 70°relative to the plane of the membrane (18, 22) . Close inspection of the membrane LD spectrum also reveals a negative contribution at 805 nm, which slightly reduces the positive signal of the LH2 B800 BChls. Fig. 2 shows a comparison of the LD of the native membranes both with the LD of membranes of a mutant lacking LH2, but possessing the full RC-LH1-PufX machinery (dashed line) and LH2-only complexes (dotted line). Clearly the LD spectra of both the native membranes and the LH2-lacking membranes exhibit a similar negative feature at 805 nm, which is not present in the LH2-only sample. This negative LD signal at 805 nm has been reported before for the LH2 Ϫ mutant and was assigned to the accessory BChls in the RC (19) . It was also reported that in RC-only strains and in RC-LH1 strains without PufX, the accessory BChls show a positive LD (19) . It was shown that this reversal in sign of the LD signal of the accessory BChls can be explained only if the RC assumes a special, nonrandom, orientation within the LH1 ring and also if a large majority of all RC-LH1 core complexes are aligned in regular arrays. It was concluded that the presence of PufX is a prerequisite for this effect to occur (19) . It is striking to see that the organizing effect of PufX, previously observed only in the mutant lacking LH2, also occurs in native membranes. This phenomenon implies that the same, or very similar, regular LH1-RC arrays are formed despite the possibly disturbing presence of LH2. This observation, therefore, rules out many of the previously proposed models, at least in Rb. sphaeroides, for the organization of the LHs and RCs in the bacterial membrane, which suggested that dimeric (23) or monomeric (21, 24) LH1-RC complexes are fully surrounded by LH2 complexes.
Although native membranes naturally contain PufX, the observation is surprising, given that the presence of LH2 might have disturbed the formation of core arrays or might have given rise to differently oriented arrays in different membranes. The observation is also unexpected because the nine B800 BChls of each individual LH2 complex could have obscured any effect of the RC orientation for the two accessory BChls also absorbing at 800 nm. Fortuitously, because of the relative decrease of the LD signal of the LH2 complexes compared with that of the LH1 complexes in the membrane (thus, also compared to that of the RC, which is attached to LH1), the RC orientation has become visible in the LD spectrum.
⌬LD. The orientation of the RC in the LH1 ring, as proposed for the LH2 Ϫ membranes (19) , implies that the 880-nm Q y transitions of the special pair are oriented almost perpendicular with respect to the long axis of the membrane. To examine whether this orientation of the RC in the LH1 ring also holds true for membranes containing LH2, it is necessary to obtain the LD spectrum of P in native membranes. However, in the membrane LD spectrum, the signal of P cannot be observed because it is obscured by the overlapping signal of the 30 LH1 BChls. This situation can be resolved by recording a light-minus-dark LDdifference spectrum that records the change of the membrane LD upon photooxidation of P. This ⌬LD technique is especially suitable for LH2-containing membranes because the LH2 complex adds two more absorption bands at 800 and 850 nm, now almost fully obscuring the RC transitions over the available spectral window. Fig. 3 shows the change in native membrane absorbance (⌬OD, A) and LD (⌬LD, B) induced by photooxidation of P (solid line). For comparison, the spectra of the strain lacking LH2 but including PufX (LH2 Ϫ -PufX ϩ ) have been included (dashed line). The difference-absorption spectrum shows the disappearance of the absorption band of the special pair and the electrochromic bandshift signals of the other RC and LH1 pigments because of the formation of P ϩ . Strikingly, the ⌬LD signal of native membranes resembles, to a large extent, that of the LH2 Ϫ -PufX ϩ strain. As seen for the LH2 Ϫ -PufX ϩ strain, the special pair in native membranes exhibits a negative LD signal (Ϸ890 nm), which is not observed for RC-only or RC-LH1 membranes without PufX. Although the magnitude of the bandshift signals of the accessory BChl and BPheo pigments appears to be lower in native membranes compared with the LH2-lacking mutant, the signs of all of the transitions are identical for both membranes. We therefore conclude that the organization of the LH1-RC complexes in native membranes closely resembles the organization proposed for the LH2 Ϫ -PufX ϩ mutant.
Patches of Native Chromatophores. To investigate the origin of the decrease in magnitude of LD of LH2 compared with LH1 and of ⌬LD of the accessory BChls and BPheos of the RC in native chromatophores and LH2-lacking RC-LH1-PufX membranes, we probed the same preparation of opened-up membrane vesicles previously used for AFM imaging (13) . Fig. 4 shows the absorbance and LD spectra (A) and ⌬LD spectrum (B, upper spectrum) of patches of chromatophores. For comparison we included the ⌬LD spectrum of the LH2 Ϫ -PufX Ϫ mutant reported before (19) (B, lower spectrum). In contrast to intact chromatophores (Fig. 1) , no reduction in magnitude of the LD of LH2 relative to LH1 can be observed. Although the AFM images indicate a slight tilt of complexes within the membrane, such a small difference cannot explain the large reduction reported here. Another observation in that AFM study was the abundance of LH2 complexes in membrane patches that were more curved than the areas of membrane where the majority of RC-LH1-PufX complexes were found. Likely, adhesion to the mica surface reduced the curvature of these particular membrane patches, which is more pronounced in intact chromatophores. An abundance of LH2 complexes in more curved regions explains a decrease in LD relative to LH1: the curvature will lead to an extra anisotropy for LH2 relative to LH1. The transition dipole moments of the B850 BChls are not oriented exactly perpendicular to the orientation axis (25) , which causes a reduction of the averaged LD signal.
The ⌬LD spectrum of the fragments is highly similar to that of the LH2 lacking PufX Ϫ mutant we reported previously (Fig.  4B) (19) . These fragments do not show the ordering fingerprint of the special pair (a strong negative peak at 870 nm) but, instead, a positive signal is measured, superimposed on the LH1 bandshift. Also, the signs of the ⌬LD signal of the accessory BChls are opposite to what we found for the intact chromatophores and the LH2 Ϫ -PufX ϩ mutant. Despite the fact that the AFM shows individual membrane patches containing RC-LH1-PufX core complexes in linear arrays (13) , compressing a gel containing an ensemble of such patches does not satisfy the prerequisites for measuring orientation effects in LD. It must be the case that the patches do not align similarly with respect to the orientation axis, and͞or oriented patches contain arrays not similarly oriented with respect to the orientation axis, despite being individually composed of highly ordered RCs.
Strikingly, the magnitude of the bandshift signals of the accessory BChls and BPheos is the same for the fragments as for the PufX Ϫ mutant, whereas this is not the case for the intact chromatophores and the PufX ϩ mutant. This situation is similar to the effect on the LD of LH2 (Fig. 1) , and it is indicative of the remaining anisotropy on curved chromatophores compared with the isotropic situation for the tubular RC-LH1-PufX membranes lacking LH2. The LD signal of the special pair of the RC is not affected because the transition dipole is oriented almost perpendicular to the long axis of the membrane (19) .
Model of the Membrane. The results presented in this study are supported by the recent AFM images on patches of the same photosynthetic membranes studied here (13) but flattened onto a mica surface, which show that RC-LH1-PufX complexes are arranged as linear rows of dimers interspersed with rows of LH2 complexes. The fact that the arrays generally do not appear exactly colinearly aligned is likely to be a consequence of opening up a spherical membrane, followed by adhesion of the membranes to the mica substrate. These procedures, which are unavoidable for highresolution imaging, can disturb the native arrangement. Combining LD and AFM results, we can arrange the arrays in a regular fashion to produce the supraorganization of the photosynthetic membrane. Fig. 5 represents a model of a chromatophore from photosynthetically grown Rb. sphaeroides. The homogeneity in the size and shape of the membranes is verified by negative-stain EM, which shows semispherical membranes with a diameter of Ϸ80 nm (results not shown). More particularly, the preparation does not contain a significant amount of tubular membranes because such membranes were never observed in the AFM study (13) . The various aspects of this model are as follows: (i) chromatophores are semispherical but contain a preferential long axis; (ii) the RCs have a unique orientation within the LH1 ring; (iii) RC-LH1-PufX complexes are arranged as rows of dimers interspersed with single or double rows of LH2 complexes; (iv) the rows are colinearly aligned; (v) these rows are drawn with a slight angle to the long axis to clarify the formation of a tubular membrane when LH2 is lacking (8, 19) ; (vi) the chromatophores are densely packed with complexes; and (vii) LH2 complexes are abundant in curved domains.
We emphasize that the measurements are conducted on bulk sample, which implies that any orientational effect of the RC can be seen only when a large majority of the RCs are oriented similarly in every single membrane. Moreover, the membranes should all display a similar orientation, otherwise the effect on the LD signal is lost. Although chromatophores are semispherical, for a preferential and general orientation to occur, some intrinsic and general asymmetry must exist. The point in the membrane where the invagination of the chromatophore starts could induce this asymmetry, resulting in an elongated membrane. Such a shape could also explain the difference in relative magnitude between the ⌬LD signals of accessory BChls (B) and BPheos (H) in the native membranes as compared with the LH2 Ϫ strain and the decrease in LD of the LH2 complexes in native membranes as compared with fragmented chromatophores. In contrast to the native membranes studied here, the LH2 Ϫ -PufX ϩ membranes are known to be tubular. The regular arrays of core complexes along tubular membranes all contribute in a similar fashion to the LD and ⌬LD spectrum. In contrast, regular arrays along an elongated, spherical shape show cancellation effects due to the out-of-plane components of the transition dipole moments in the highly curved top and bottom parts. These effects are much stronger for the B and, in particular, for the H pigments of the RC as compared with P because the special pair is oriented almost perpendicular to the long membrane axis. Similarly, a possible abundance of LH2 complexes in the curved parts of the membranes could account for their LD signal being smaller relative to that of LH1. A clustering of LH2 in such intracytoplasmic-membrane regions is suggested from membrane-biogenesis studies in which an increased curvature was observed in intracytoplasmic membrane with increasing LH2 levels (26) .
The data presented here allow an estimate of the orientation of the RC within the LH1 ring. Indirectly, the ability to do so also demonstrates the structural integrity of the membrane: any movement of the complexes would disturb the high degree of organization of the RC complexes in the membrane as probed by the LD and ⌬LD spectra.
The AFM images of some of the membrane fragments also showed an abundance of LH2 complexes, and these appeared difficult to image because of the relatively strong curvature of those particular fragments (13) . The location of the other abundant component of the photosynthetic membrane, the cytochrome bc 1 complex, is not clear. Recent AFM and EM studies on Rb. sphaeroides membranes (8, 13) showed that the cytochrome bc 1 complex is not closely associated with the core dimer as suggested by Jungas et al. (7) . The model presented here limits the possible location of the cytochrome bc 1 complex in the membrane because there appears to be no space left between the arrays of core and LH2 complexes as observed in the AFM images (13) . Moreover, the dense packing of the membrane puts serious constraints on any diffusive mechanism for reduction of this complex by quinol as suggested in ref. 8 . The asymmetry in the shape of these essentially spherical membranes could be a reflection of the partitioning of the membrane into specialized domains of not only LH2 but also of cytochrome bc 1 complexes.
Conclusions
We have probed native, intact, and untreated photosynthetic membranes of Rb. sphaeroides by using polarized-light spectroscopy on oriented membranes. The spectra demonstrate the special orientation of the RC within the LH1 ring and the existence of special domains enriched in LH2. Combining the results on an ensemble of intact membranes in this study with AFM images obtained on individual membrane patches (13), we derived a model for the organization of the most abundant complexes in a photosynthetic membrane. Some ordered arrangement of complexes has been observed, most commonly in photosynthetic membranes (8, 15, 19, 27) . Such an organization is not essential for transporting excitation energy; but it could, rather, stem from the close packing of complexes within the membrane. For example: the hexagonal lattice of RC-LH1 core complexes as observed for the PufX-and LH2-lacking purple bacterium Rhodopseudomonas viridis (14) happens to be the most dense packing arrangement. Likely, the same holds for the Rb. sphaeroides membrane containing dimers of RC-LH1-PufX and LH2 complexes. The dense packing could reflect a necessity in very dim-light conditions when the absorption of every photon counts.
We thank Prof. Dr. Per Bullough and Dr. Bas Gobets for close reading of the manuscript. This work was supported by grants from The Netherlands Organization for Scientific Research through the Foundation of Earth and Life Sciences and the Biotechnology and Biological Sciences Research Council (U.K.). 
